Dysregulation of adenosine (Ado) homeostasis has been observed in both rodent models 14 and human patients of Huntington's disease (HD). However, the underlying mechanisms 15 of Ado signaling in HD pathogenesis are still unclear. In the present study, we used a 16 Drosophila HD model to examine the concentration of extracellular Ado (e-Ado) as well 17 as the transcription of genes involved in Ado homeostasis and found similar alterations.
Introduction 31
Adenosine (Ado) is one of the most common neuromodulators in the nervous 32 system of vertebrates as well as invertebrates and modulates synaptic transmission 1,2 . 33 Under normal conditions, the extracellular Ado (e-Ado) concentration is in the nanomolar Next, we examined the RNAi silencing of adoR and Ado transporters in Q93 and 146 control Q20 flies. The results showed that knocking down the expression of adoR as well 147 as two transporters, ent1 and ent2, significantly increased the eclosion rate ( Fig. 3A) and 148 adult lifespan (Fig. 3B) . The RNAi silencing of ent2 and adoR extended the lifespan of HD 149 flies to 30 and 40 days, respectively, which is about 1.5~2 times longer than that of HD 150 flies. In contrast, knocking down cnt2 expression did not change the viability of HD flies, 151 and knocking down ent3 did not influence the eclosion rate, although it increased mortality 152 and shortened the lifespan of adult HD flies. The survival of control flies expressing Q20 153 with individual RNAi constructs are shown in Fig. S3B . mHTT aggregation was 154 significantly reduced (to 50%) in adoR RNAi flies (Fig. 3C&D) , and a similar suppression 155 of mHTT aggregate formation was also observed in 20-day-old HD flies ( Fig. S4 ). An 156 examination of eye phenotypes in ent2 RNAi flies showed a significant reduction in retinal 157 pigment cell death ( Fig. 3E ), but surprisingly we did not observe a significant rescue of 158 cell death by silencing adoR (Fig S5) . We therefore postulated that it might be due to 159 insufficient RNAi efficiency for suppressing AdoR signaling in the eye. To test this, we 160 combined Q93 flies with the adoR RNAi transgene under a adoR heterozygote mutant 161 background (AdoR 1 /+) or with AdoR 1 homozygote mutant, and both showed significantly 162 decreased retinal pigment cell degeneration similar to ent2-RNAi flies (Fig. 3E ). 163 To further validate the RNAi results, we studied flies simultaneously expressing Q93 and 164 overexpressing ent2, adoR, adgf-A, and adenoK in the brain and assessed the adult 165 lifespans. Since silencing these genes extended the lifespan of HD flies (Figs. 2B&3B), we 166 expected the opposite effect upon overexpression. As shown in Fig. S6A, ent2 167 overexpression significantly increased the mortality of early-stage HD flies; the survival 168 of 5-day-old flies dropped to 60% for HD flies in contrast to 90% for Q93 control flies, 169 and the lifespan of HD flies was significantly shorter than control flies expressing either 170 Q93 alone or together with gfp RNAi. Consistently, we co-expressed strong and weak adoR 171 overexpressing transgenes with Q93 and both significantly increased the mortality and 172 shortened the lifespan of Q93 flies. The effects of shortening the lifespan were more severe 173 than with ent2 overexpression. Nevertheless, the increase in mortality by adgf-A and 174 adenoK overexpression was not as strong as that caused by ent2 and adoR overexpression, 175 although both still showed a significant difference to either Q93 control or Q93/gfp RNAi 176 control by weighted log-rank test ( Fig. S6B ). Hence, we concluded that overexpressing the 177 examined genes enhances the effect of mHTT, resulting in the increased mortality of HD 178 flies. Our results demonstrate that the overexpression and silencing of ent2 or adoR has a 179 stronger influence over HD pathology than genes involved in Ado metabolism.
180

Interactions of AdoR with ENT1 and ENT2
181
In order to investigate whether there is a synergy between the effects of AdoR and 182 ENTs, we co-expressed adoR RNAi constructs with ent1 RNAi or ent2 RNAi in Q93-183 expressing flies. As shown in Fig. 4A , the silencing of both ent2 and adoR has the same 184 effect as silencing only adoR, indicating that ENT2 and AdoR are in the same 185 pathway. Interestingly, the double knockdown of ent1 and adoR shows a sum of individual 186 effects on lifespan which is longer than the knockdown of adoR alone. There seems to be 187 a synergy between ENT1 and AdoR suggesting that ENT1 may have its own effect, which 188 is partially independent from AdoR signaling.
189
Next, we investigated our hypothesis that the source of e-Ado, which contributes 190 to AdoR activation in Q93 flies, is mainly intracellular and released out of the cells by 191 ENTs. We conducted an epistasis analysis by combining mHTT with adoR overexpression 192 and ent1 or ent2 RNAi. The results showed that adoR overexpression increased the 193 mortality of Q93 flies while the combination of adoR overexpression with either ent1 or 194 ent2 RNAi minimized the increased mortality caused by adoR overexpression (Fig. 4B ).
195
Notably, Q93 flies expressing ent2 RNAi and overexpressing adoR had the longest lifespan 196 in comparison to Q93 control or ent1 RNAi flies. These results suggest that AdoR signaling 197 needs functional Ado transportation to carry out its effect and thus the Ado efflux from 198 these cells is needed for AdoR activity (Fig. 4C&D ). The source of e-Ado, which 199 contributes to AdoR activation causing HD pathogenesis, seems to be intracellular and it 200 is mainly released out of the cells through ENT2.
201
AMPK is not involved in Drosophila HD pathogenesis
202 AMP-activated protein kinase (AMPK) is one of the key enzymes maintaining energy 203 balance within a cell by adjusting anabolic and catabolic pathways 35 ; both Ado receptors 204 and transporters have been implicated in its activation [36] [37] [38] [39] . Activation of AMPK is 205 beneficial at early stages in mammalian HD models 40 ; however, in the late stage of the 206 disease it may worsen neuropathological and behavioral phenotypes 41 .
207
To find out whether the above-described effects of e-Ado signaling and transport on HD 
213
To further confirm the genetic data related to AMPK activation or inhibition, we 214 pharmaceutically inhibited AMPK signaling by feeding the larvae with AMPK inhibitor, expressed in the nervous system (ptp99A was upregulated, while CG6184, cindr, and 230 mod(mdg4) were downregulated) ( Fig. 5C ).
231
To validate the microarray data, we knocked down adoR expression in the brain and 232 examined the transcription of the four candidate genes expressed in the nervous system by 233 qPCR. The results revealed that ptp99A and mod(mdg4) had the same expression trends as 234 observed in the microarrays (Fig. 5D ). We further examined whether the expression of 235 ptp99A and mod(mdg4) are influenced by an increase of e-Ado level. As shown in Fig. 6E , 236 Ado microinjection significantly increased mod(mdg4) expression and decreased ptp99A 237 expression, confirming that mod(mdg4) is positively regulated and ptp99A is negatively 238 regulated by the AdoR/ENT2 pathway. In order to examine the potential roles of ptp99A, CG6184, cindr, and mod(mdg4) genes in 242 HD pathogenesis, we used RNAi to silence them in HD flies. The results showed that only 243 the RNAi silencing of mod(mdg4) extended their lifespan. As shown in Figure 6A To further confirm that mod(mdg4) is downstream target of the AdoR pathway and 251 regulated by e-Ado signaling, we first checked the expression of mod(mdg4) in larval 252 brains and adult heads of HD flies using qPCR. In Q93 larvae, we found that both the 253 expression level of mod(mdg4) ( Fig. 7A ) and the e-Ado level was lower than in Q20-254 expressing controls ( Fig. 1A) . For the 15-day-old (roughly corresponding to late-stage HD) 255 Q93 adults, there was no difference in mod(mdg4) expression compared to Q20 control 256 adults ( Fig. 7A ). We next examined the epistasis relationship between ent2, adoR, and 257 mod(mdg4) by combining overexpression of ent2 or adoR mod(mdg4) RNAi in Q93-258 expressing flies. The results showed that mod(mdg4) RNAi suppressed the lethal effects 259 caused by the overexpression of ent2 and adoR (Fig. 8B ). These results indicate that 260 mod(mdg4) serves as a downstream target of AdoR signaling involved in the process of 261 mHTT inclusion formation and other pathogenic effects ( Fig. 7C ).
262
The mod(mdg4) locus of Drosophila contains several transcription units encoded on both 263 DNA strands producing 31 splicing isoforms 45 . As shown in Fig. 5B , two of the 264 mod(mdg4)-specific microarray probes which target 11 mod(mdg4) splicing isoforms (Tab. 265 S2) were downregulated in all three datasets. We performed splice form-specific qPCR 266 analysis and found that adoR RNAi silencing leads to the downregulation of multiple 267 mod(mdg4) isoforms ( Fig. 7D ), suggesting that AdoR signaling regulates multiple isoforms. AdoR contributes to mHTT pathogenesis and aggregates formation. 294 We observed a non-additive interaction between AdoR and ENT2 characteristic for 295 epistasis relationship ( Fig. 4B ), indicating that ENT2 is required for the transportation of 296 Ado from the intra-to extracellular environment which activates AdoR and, in turn, 297 enhances the effects of mHTT. Our previous report showed that both ENT2 and AdoR of the enhancer on the promoter, and is important for early embryo development and 326 oogenesis 61-63 . Although our results showed that silencing all mod(mdg4) isoforms 327 decreases the effects of mHTT (Fig. 6 ), we could not clarify which of the isoforms is 328 specifically involved in HD pathogenesis because AdoR signaling regulates multiple 329 isoforms (Fig. 7D) . Interestingly, an earlier report on protein two-hybrid screening 330 indicated that Mod(mdg4) interacts with six Hsp70 family proteins 64,65 , and Hsp70 proteins 331 are known for their contribution to the suppression of polyQ aggregates formation and 332 neurodegeneration 66,67 . Further study will be needed to identify the specific mod(mdg4) 333 isoform involved in HD pathogenesis, and whether a decrease in mHTT aggregates by 334 mod(mdg4) RNAi is connected to Hsp70 interaction.
335
In summary, we observed an alteration in the e-Ado concentration and expression of genes 336 involved in Ado homeostasis in a Drosophila HD model. By candidate RNAi screening, 337 we demonstrated that the silencing of ent2 and adoR increases the survival of HD flies in 338 addition to suppressing retinal cell degeneration and mHTT aggregate formation. We also 339 showed that the activation of e-Ado signaling enhances the effects of mHTT. Furthermore, 340 we found that mod(mdg4) is a downstream target of the AdoR pathway and plays a major Table S2 . Table   431 S1. The expression level was calculated using the 2 -∆∆Ct method. The ct values of target 432 genes were normalized to reference gene, ribosomal protein 49 (rp49). 
